In posttensioned concrete members, the high local stress under the anchorage causes transverse tensile stress. erefore, it is very important to predict the bursting force to determine appropriate reinforcement details. In the present work, the existing equations of the bursting force for the anchorage zone were evaluated and an equation for the bursting force based on finite element analysis was proposed to improve the model's accuracy. Parametric analysis was performed considering the anchorage shape, tendon angle, and eccentric distance. e analytical results indicate that the existing equations underestimate or overestimate the bursting force. e proposed equation is able to predict the bursting force reasonably well for an anchorage zone with rectangular bearing plate, cavity, and eccentric distance.
Introduction
Posttensioned concrete structures are widely used in architectural and civil engineering due to their high tensile capacity and crack control. In posttensioned concrete members, the concentrated prestressing force is transferred from the prestressing tendon onto the concrete via the anchorage system. erefore, a large bearing stress is generated in the axial direction of the concrete member around the bearing plate and a tensile stress is generated in the vertical direction of the tendons. is tensile stress is called a bursting force.
e bursting force should be resisted by properly designed reinforcement. e capability of the anchorage zone is one of the key factors of the safety and stability of posttensioned concrete structures. Accurate prediction of bursting stress and proper reinforcement design are required in the anchorage zone. erefore, numerical and experimental methods have been studied by many researchers.
Mörsch [1] proposed a load path model and bursting force equation using a simplified two-dimensional strutand-tie model. Guyon [2] proposed a simplified method based on the classical theory of elasticity for stress distribution within the anchorage zone. e magnitude and distribution of the bursting stress were investigated considering the ratio of the height of the member to the height of the bearing plate. Sahoo et al. [3] modified Guyon's equation to apply the compression-dispersion model (CDM) to the stress distribution. He and Liu [4] presented a method for determining the bursting force based on individual formulations of compression-dispersion models considering concentric, eccentric, and inclined tendons. Zhou et al. [5] proposed a mathematical model in order to predict the bursting force and the distribution of transverse stress in the anchorage zone. is method was verified by the results of finite element simulations. Hou et al. [6] performed finite element analysis to evaluate the validity of the strut-and-tie model used in existing research. Eccentric distance and size of the bearing plate were considering as variables. A modified strut-and-tie model was proposed to predict the bursting force using separate cases for small and large eccentric distances.
Few investigations have been performed to evaluate the efficiency of the bottle-shaped strut method. Yuan et al. [7] performed the bottle-shaped strut method to evaluate the effects of the concentration ratio and rotation angle of reinforcement. e results show that as the concentration ratio increases, the dispersion angle decrease and that as the rotation angle increases, the efficiency coefficient increases in the bottle-shaped strut method. Sahoo and Varghese [8] investigated the effect of lateral confinement on the efficiency of bottle-shaped struts. Arabzadeh et al. [9] investigated the efficiency factors and proposed model for the prediction of the efficiency factor of concrete strength-based modified compression field theory. Campione and Minafò [10] studied on bottle-shaped struts and members based on the structural tests. ey proposed the model to evaluate the ultimate capacity of specimens.
Although some new methodologies have been developed, the anchorage shape, tendon angle, and eccentricity are still not considered in the bursting force equation. In the present work, a bursting force equation is proposed based on the results of finite element analysis. e analytical results were used to evaluate the bursting force equations including the proposed equation, Mörsch, Guyon, Zhou, and AASHTO [1, 2, 5, 11].
Bursting Force Equation
e approaches that have been used to determine a bursting force equation have included the strut-and-tie model, analysis using theory of elasticity, and finite element models. Mörsch [1] had studied the bursting force using a simplified two-dimensional strut-and-tie model, as shown in Figure 1 .
is equation can account for the ratio of the height of the concrete section to the height of the bearing plate. It is assumed that the maximum bursting stress occurs at half the depth of the cross section and the factor k is 0.5:
where P is the applied tendon load, θ is the angle between the strut and tie, a is the width of the bearing plate, h is the depth of the cross section, and k is a factor that accounts for the point at which the maximum bursting stress occurs. Guyon [2] used isostatic lines of compression (ILCs) to visualize the flow of forces in the anchorage zone, as shown in Figures 2(a) and 2(b). Experiments were conducted using the ratio of the size of the bearing plate to the width of the member as variables. Based upon the test results, a bursting force equation was proposed as shown in equation (2), where k is assumed to be 0.4. When the tendon force is applied eccentrically on the member, the tendon load is assumed to act on a symmetrical prism.
e concept of symmetrical prism can also be applied to the following equation:
where P is the tendon load, a is the width of the bearing plate, h is the depth of the cross section, and e is the eccentricity.
AASHTO [11] has used the Burdet [12] equation since 1994. Based on the geometrical shape, Burdet [12] proposed a bursting force equation that accounts for inclined tendons, as shown in the following equation:
where P is the applied tendon load, a is the width of the bearing plate, h is the depth of the cross section, and α is the tendon angle. He and Liu [4] proposed a bursting force equation for different loading conditions, while the AASHTO equation is found to be overly conservative in most cases. e compression-dispersion model was established and proposed h/3 as the starting point of integration to consider the occurrence of large bearing stress near the bearing plate. e bursting force equation was obtained by integrating the transverse tensile stress along the tendon path as shown in the following equations:
where h is the depth of the cross section, σ T is the transverse stresses along the tendon path, P is the applied tendon load, a is the width of the bearing plate, c is the eccentric ratio of tendons, which can be expressed as 2e/h, and e is the eccentric distance. Zhou et al. [5] evaluated the equations of He and Liu [4] and AASHTO [11] by comparing them with the results of finite element analysis. e bursting force coefficient was 2 Advances in Materials Science and Engineering modified from 0.22 to 0.25 based on the results of the finite element analysis. Also, equation (6) was proposed considering the tendon angle and eccentricity using the symmetrical prism method as shown in Figure 3 :
where P is the applied tendon load, c is the eccentric ratio of tendons, which can be expressed as 2e/h, e is the eccentric distance, h is the depth of the cross section, a is the width of the bearing plate, and α is the angle of the tendon. Table 1 shows a comparison between different methods for the calculation of bursting forces, including the equations of Mörsch, Guyon, Zhou, and AASHTO [1, 2, 5, 11].
Finite Element Analysis

Finite Element Model.
e bursting force was analyzed based on finite element simulation to evaluate the effect of the anchorage shape, tendon angle, and eccentricity. e commercial structural analysis software ANSYS 15 .0 was used to analyze the bursting force. e solid element was used for modelling an analytical model. is element is defined by eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z directions. Cracks and crushing of the concrete were not considered because it is the purpose of the analysis to evaluate the magnitude and distribution of the bursting stress. e automesh function in ANSYS was used to generate solid elements to model anchorage and concrete blocks. e load step sizes were controlled using an automatic time stepping.
e convergence was checked using the Newton-Raphson iterations at every loading step. e analytical model size was determined according to the specimen specification of the load transfer test standard described in ETAG 013 [13] . In order to minimize the influence of the bearing plate area, all of the analytical models have the same area. e compressive strength and the tensile strength of the concrete were 40 MPa with a peak strain of 0.0025. e constitutive model used is the model developed by Saenz [14] . e tensile stress is 4 MPa. e yield strength of the anchorage was 450 MPa. In this study, the perfectly elastic-plastic criterion material was used for anchorage. e force is applied as a uniform load within the footprint of the anchor plate and prestressing tendons are not modelled [5] . e applied load was performed as a static load at the bearing plate as shown in Figures 4(a)-4(c) . e anchorage 
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and concrete were set to perfect bonded option. e virtual path was set in the analytical model to measure the bursting stress, as shown in Figure 5 . In the analytical model without a cavity, the virtual path was set at the center of the model as shown in Figure 5 (a). In the model with a cavity, the virtual path was set between the concrete and cavity as shown in Figures 5(b) and 5(c).
To verify the analytical model, an experiment was carried out where a concrete specimen of 250 mm × 250 mm × 600 mm in size was tested, as shown in Figure 6 . e compressive strength of the concrete was 40 MPa. e initial stiffness of the analytical model was slightly larger than the experimental data. It is concluded that the reduction of the stiffness was not considered due to the concrete crack in the analytical model. However, results show that the test ultimate load of the specimen is 722.3 kN. Using the analytical model, the predicted ultimate load is 745.2 with a reasonable error of about 4% compared with the test failure load. erefore, the analytical model is appropriate for the prediction of the bursting force.
Parametric Analysis.
e anchorage shape, the tendon angle, and the eccentric distance were considered as variables in a finite element analysis, as shown in Figure 7 . In order to evaluate the effect of the anchorage shape on bursting stress, square bearing plate without cavity, square bearing plate with cavity, and rectangular bearing plate with protruding cavity were modelled as shown in Figure 7 (a).
e dispersion of compression is influenced by the bearing area of the applied load (Sahoo et al. [3] ). e three models have a similar bearing area to minimize the influence of the bearing plate area. In this paper, two tendon angles were considered: 0°and 5°as shown in Figure 7 (b). e position of the anchorage moved to consider the eccentric distance, as shown in Figure 7 (c). e eccentric distance was increased by 40 mm. Table 2 lists the related parameters used in the finite element analysis.
e load of 100% of the ultimate load of the tendon was applied to on top of the bearing plate. e bursting force was calculated by plotting the stress measured in the virtual path and multiplying the area of the graph by the width of the member, as shown in Figure 8 . is method was proposed by Stone [15] and used the following equation:
where σ bst is the bursting stress and t is the width of the member.
Proposed Bursting Force Equation
Figures 9(a) and 9(b) show the distribution of the bursting stress according to the anchorage shape. e maximum bursting stress of Model A, using a square bearing plate, was 
where c � 2e/h × ○ ○ P: tendon load; γ: eccentric ratio of tendons; h: depth of the cross section; a: width of the bearing plate; α: angle of tendon; e: eccentricity. measured to be 3.3 times larger than that of the other models. e bursting stress of the square bearing plate was uniformly distributed, whereas that of the rectangular bearing plate was relatively concentrated in the long side direction. It is concluded that the stress distribution varies depending on the anchorage shape. As shown in Figures 10(a) -10(c), bursting stress occurred along the direction of the tendon in the anchorage zone. In Model A, the stress was concentrated or distributed along the tendon, but in Model C with cavity, the stress was concentrated at the joint of the cavity and the duct. e maximum bursting stress of the model with the cavity occurred farther from the surface of the concrete member than did the model without the cavity, as shown in Figure 9 . In Model S without the cavity, the applied load was transferred from the bearing plate to the concrete. On the other hand, in Model C with cavity, the applied load was transferred from the bearing plate to the cavity and from the cavity to the concrete. e angle of the tendon did not affect the position and magnitude of the maximum bursting stress. However, the overall stress distribution was different. In the case of 0°of tendon angle, the stress was mainly distributed at the joint of the cavity and the duct, whereas the stress was distributed more widely in the 5°t endon angle model. e finite element analysis results indicated that the magnitude of the bursting stress decreases as the eccentric distance increases. e bursting forces of all analytical models are summarized in Table 3 .
Based on the results of the finite element analysis and Guyon's equation, a bursting force equation considering the anchorage shape, tendon angle, and eccentricity was proposed to improve the accuracy of the bursting force prediction. e aspect ratio of the anchorage and the cavity length were proposed to consider the anchorage shape. e proposed bursting force equation can be expressed as 
where Φ is the eccentric distance coefficient, K is the anchorage shape factor, h is the height of the cross section of the concrete, e is the eccentric distance, a 1 is the vertical length of the bearing plate, a 2 is the horizontal length of the bearing plate, l in is the length of the cavity embedded in the concrete, k is the ratio of a point where maximum bursting stress occurs to h, and β a is the aspect ratio of the anchorage, not to exceed 1.
Evaluation of the Proposed Equation
e proposed equation was compared with the existing equations in order to identify which proposed equation is able to provide the most accurate estimate of the bursting force. e bursting force equations were evaluated in terms of anchorage shape, angle of tendons, and eccentric distance. Table 4 shows the results of the comparison between the results of the finite element analysis and the bursting force equations. Figure 11 shows the bursting force according to the shape of the anchorage. e existing equations underestimated the bursting force of Model A (rectangular shape) because they did not consider the aspect ratio of the bearing plate. e proposed equation considers the aspect ratio of the bearing plate and predicts the bursting force relatively well.
e results of the finite element analysis indicate that Model S has no difference in bursting force according to the tendon angle, but Models A and C have increased bursting force when the tendon angle is 5°. It is concluded that the consideration of the cavity affects the bursting force according to the tendon angle. Figure 12 shows the bursting force according to the tendon. In the case of Model A (without cavity), all equations well predicted comparatively the bursting force. However, in Models A and C (with cavities), the existing equations underestimated the bursting force. e equation of AASHTO [11] and Zhou et al. [5] underestimated the bursting force for Models C and A with cavities, even though the tendon angle was included in the equations.
In cases of large eccentric distance, the failure of the equations of AASHTO [11] and Mörsch [1] to consider eccentric distance leads to an overestimation of the bursting Advances in Materials Science and Engineeringforce, as shown in Figure 13 . e proposed equation and the equations of Guyon [2] and Zhou et al. [5] predicted the decrease of bursting force with increasing eccentric distance. However, the equations of Guyon [2] and Zhou et al. [5] overestimated the bursting force, despite considering eccentric distance, except in the case of the 120 mm eccentric distance. Figure 14 shows the ratios of the calculated bursting forces to the results of the finite element analysis. Existing equations underestimated the bursting force of the anchorage with rectangular bearing plate and overestimated the effect of eccentricity. e comparison results are summarized in Table 4 . It is concluded that the existing equations underestimate or overestimate the bursting force depending on the parameters, whereas the proposed equation provides reasonable predictions.
Conclusions
In this paper, a bursting force equation was proposed to improve the accuracy of bursting force calculations. A finite element analysis was performed considering the anchorage shape, tendon angle, and eccentricity as variables to verify the proposed equation. e following conclusions can be made:
(1) e results of the finite element analysis indicated that the rectangular bearing plate had a relatively concentrated stress on the long side of the plate. erefore, an anchorage shape factor considering the aspect ratio of the bearing plate was proposed. (2) In the case of the anchorage considering the cavity, the bursting force showed a large difference according to the tendon angle. e function of the embedded length of the cavity was considered in the bursting force equation. Also, as the eccentric distance increases, the bursting force decreases. is is considered in the eccentric distance coefficient. (3) Parametric analysis was carried out with the anchorage shape, tendon angle, and eccentric distance to evaluate the bursting force equations, including the proposed equation. e proposed equation shows a reasonable prediction of the bursting force of the anchorage with a rectangular bearing plate, whereas the existing equations underestimated this value because they did not consider the aspect ratio of the bearing plate. (4) For an analytical model without a cavity, all bursting force equations performed well. However, in the analytical model with cavity, the existing equations underestimated the bursting force. e proposed equation predicted the bursting force considering the tendon angle more accurately. (5) Mörsch and AASHTO did not predict the bursting stress due to changes in eccentric distance because the eccentric distance is not considered in the bursting force equation, while Guyon and Zhou predicted the bursting force relatively well for large eccentricity. However, it tends to be overestimated for small eccentricity. e proposed equation accurately predicted the bursting force regardless of the eccentric distance.
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